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ABSTRACT

Laser-based amorphization on the back surface of a 525-lm thick crystalline silicon sample is studied. To deposit sufficient energy for a local
change from a crystalline to an amorphous state, laser irradiation at 2-lm wavelength with 25-ps pulse duration is combined with Bessel
beam shaping. Deterministic single-site modifications and homogeneous continuous lines of amorphous silicon are demonstrated. Optical
and electron microscopy together with Raman spectroscopy measurements highlight the material transformations featuring the formation of
subwavelength periodic surface structures. The investigations open up possibilities for processing in-built microelectronic devices.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0103276

Silicon is the backbone material of the semiconductor and elec-
tronics industry. A wide range of its properties including electrical
conductivity and optical reflectivity strongly depend on the state of the
material—especially when one compares the crystalline (c-Si) and the
amorphous (a-Si) state. Despite lower electronic performance than c-
Si, a-Si is commonly used for different applications (e.g., in solar cells
and thin-film transistors).1,2 The standard techniques to produce a-Si
are chemical vapor deposition, sputtering, and ion bombardment.3,4

However, those methods suffer from important drawbacks such as the
need for a hot environment during deposition and permanently
induced impurities. A promising alternative method for inducing a
state transformation due to its fast and contactless nature relies on
laser irradiation. A prominent example for laser-based silicon process-
ing is laser crystallization, where an a-Si layer is transformed into a
polycrystalline state.5 Conversely, the production of an a-Si layer by
picosecond laser radiation was already investigated more than 40 years
ago,6 and the later development of ultrafast lasers allowed different
groups to demonstrate surface amorphization of c-Si with various irra-
diation parameters.7–12 So far, this laser-based amorphization tech-
nique is solely applied to the front surface of silicon. The possibility to
amorphize the back surface is highly desirable for manufacturing,
processing, and modifying the properties of in-built microelectronic
devices. Moreover, back surface processing usually shows numerous

advantages, as it is cleaner because the re-deposition of debris is mini-
mized, no plasma shielding effects hinder energy deposition,13–15 and
the energy deposition can be more efficient due to an evolving absorp-
tion front in the material which moves toward the laser.16,17 However,
filamentation makes it challenging to produce permanent modifica-
tions both in the bulk and on the back surface of monolithic silicon.18

This originates from (i) the intensity clamping phenomenon which
saturates the energy deposition in the material, and (ii) the nonlinear
focal shift causing an out-of-focus interaction zone.19–24 Taken
together, these two nonlinear mechanisms lead to a strongly delocal-
ized energy deposition in silicon when femtosecond laser pulses are
employed. This delocalization process is further enhanced in the case
of tightly focused diffractive beams by the refractive index mismatch
at the air–silicon interface which causes severe spherical
aberration.18,24–26

In this Letter, a method based on picosecond laser irradiation
with a Bessel beam shape for amorphizing the back surface of c-Si is
investigated. Single-site laser-produced modifications consisting of
ring-shaped a-Si features are observed. Interestingly, laser-induced
periodic surface structures (LIPSS), which scatter visible light, are
detected, thus making the produced a-Si layer appearing black
when observed with optical bright-field microscopy in reflection.
We demonstrate the inscription of continuous lines consisting of a
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homogeneous layer of a-Si on the back surface. Similar to the front
surface configuration, a maskless wet etching process can be envi-
sioned,27 and surface waveguides can be realized.4,11 The produced
LIPSS on the back surface also hold promises due to the changes in
the absorption and reflection of light, wettability, and tribological
properties.28

A double-side polished, 525-lm thick silicon wafer with h100i
surface orientation and a resistivity>200 X cm is used in the experi-
ments. It is positioned with sub-micrometer precision by means of a
three-axis stage system relative to the focal position. The back surface
of the sample is irradiated with pulses delivered by a customized
thulium-doped fiber laser (Active Fiber Systems GmbH)29 operating
at 1.96-lm center wavelength ensuring increased energy deposition in
the infrared spectral region.20 The transform-limited pulses of 275 fs
are stretched to 25 ps (full-width at half-maximum) by fine-tuning the
compressor of the laser in order to decrease nonlinear propagation
effects by lowering the peak intensity and still avoid a large heat-
affected zone.30 The repetition rate is chosen as low as 12.5 kHz to
avoid heat accumulation on a pulse-to-pulse basis.9,24 The pulse
energy measured after the focusing optics is adjusted by the combina-
tion of a half-wave plate and a polarizer. The final polarization state of
the beam is controlled by an additional half-wave plate placed before
the focusing optics. An axicon is used to transform the Gaussian beam
profile (2mm diameter at 1=e2) into a Bessel beam, in order to benefit
from diffraction-free propagation and suppress spherical aberration
caused by the refractive index mismatch at the air–silicon interface.
The focal region is demagnified with a factor of 34 toward the back sur-
face of the sample by a two-lens setup in the 4-f configuration consisting
of a spherical lens ðf ¼ 200 mm) and an aspheric lens ðf ¼ 5:9 mm).

The experimental arrangement is described in detail in the supplemen-
tary material, Fig. S1. An analogous arrangement for producing micro-
Bessel beams is described in Ref. 31. Linear calculations predict an
interference region length (depth of focus, DOF) of 57 and 219lm in
air and silicon, respectively, with a central maximum diameter of
2.35lm at 1=e2. Ex-situ surface characterizations are carried out with
optical bright-field microscopy in reflection, scanning electron micros-
copy (SEM), and confocal Raman spectroscopy (numerical aperture
NA ¼ 0:85). The employed wavelength for Raman spectroscopy
(532nm) is chosen to provide a high resolution and to selectively
probe a very limited depth because of the high absorption coefficient
(>104 cm�1) of silicon at this wavelength.

Let us first examine the outcome of single-site irradiations on the
back surface with pulse energies ranging from 1.4 up to 9.7 lJ with
1250 pulses. An exemplary optical micrograph of 11 modifications
under identical conditions (1250 pulses, 4.1 lJ pulse energy) is dis-
played in Fig. 1(a). These modifications consist of a drastically reduced
reflective zone in a hollow ring-like shape. Other number of applied
pulses (313 and 125 000) have been tested, all leading to comparable
observations. Similar appearance from one site to another demon-
strates the deterministic character of the process. The overall size of
the modification scales with the employed pulse energy within the
tested range. In contrast to the femtosecond Bessel beam configuration
which does not allow attaining the regime of permanent modification
on the back surface of silicon,31 it is important to highlight that the
employed picosecond Bessel beam enables us to modify the material
in a deterministic way. This notable difference likely originates from
the reduced nonlinear effects and the increased thermal effects when
the pulse duration is increased. A magnification of the modification
indicated in red in Fig. 1(a) is shown in Fig. 1(b), where a continuous
black ellipse with small variations in width is observed. The corre-
sponding minor and major axes are 24.5 and 32lm, respectively. One
may note the one order-of-magnitude difference between these
dimensions and the linearly calculated central maximum diameter of
the beam (2.35lm). This might be explained by nonlinear propaga-
tion effects, which strongly affect the fluence distribution on the back
surface, as experimentally observed elsewhere31—therefore can lead to
the detected increase in size. The contribution of the second (2.6lm
apart from the central maximum with I=I0 ¼ 0:16) and subsequent
maxima of the Bessel beam and heat diffusion32,33 should play only a
minor role for the increase in size. One can note that the minor axis is
oriented along the direction of the linear polarization. Non-symmetric
modifications were also observed by other groups in the bulk for
multi-pulse irradiation,18,30 but the orientation toward the polarization
is turned by 908 at the back surface. Additionally, a slight change in
reflection for the central zone in comparison to the surrounding pris-
tine material can be observed. The same modification is visible with
SEM in Fig. 1(c). These observations together with further analysis of
the cross section of a modified site (see Fig. S2 in the supplementary
material) allow us to conclude that there is no major material ablation
at the micrometer scale. The striking feature of the comparison between
optical and electron microscopy micrographs shown in Figs. 1(b) and
1(c) is the inverted intensity contrast of the ellipse which appears
darker and brighter than the surrounding, respectively. This is partly
explained by the SEM magnification in Fig. 1(d), which reveals a major
topographical change on the nanometer scale in the form of LIPSS
with two different alignments, along and perpendicular to the

FIG. 1. (a) Optical bright-field micrograph in reflection of modifications produced at
the back surface after irradiation with 1250 pulses with 4.1 lJ pulse energy. ~E and
~k indicate the polarization and the writing beam propagation direction, respectively.
(b) Magnification of the red rectangle area in (a). (c) SEM image of the exact same
modification as in (b). (d) Magnification of the red rectangle area in (c). The blue
and green rectangles indicate regions of subwavelength structures perpendicular
and parallel to the polarization, respectively.
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polarization, in the green and blue rectangles, respectively. The LIPSS
period is estimated to be 3206 52nm for the inner and 3106 55nm
for the outer regions. The presence of nano-structures, which scatter
visible light, provides an explanation to the dark appearance of the
ellipses in Figs. 1(a) and 1(b). The bright appearance of these ellipses
under SEM [Figs. 1(c) and 1(d)] could originate from a local modifica-
tion of the electrical properties of silicon. One can assume that c-Si has
been locally amorphized, as the electrical conduction of a-Si can be
orders of magnitude lower than that of undoped c-Si.34,35

To examine the hypothesis of a change from c-Si to a-Si at the
back surface, confocal Raman spectroscopy has been carried out on
the same site as in Figs. 1(b)–1(d). Results of these Raman spectros-
copy measurements are represented in Figs. 2(a) and 2(b) by color
maps corresponding to the amplitude of the signal at 520 cm�1 (red)
and 150 cm�1 (green). These two wavenumbers have been selected as
520 cm�1 is the single-phonon peak of c-Si36 and 150 cm�1 corre-
sponds to one of the wavenumber regions (100–200 cm�1), which is
inherent to a-Si signal with no overlap with any c-Si signal.37 The com-
parison between the two color maps allows us to conclude that the
modification in Figs. 1(b) and 1(c) corresponds to an amorphous
region. The heavily altered region matches almost perfectly with the a-
Si signal. This is confirmed in Figs. 2(c)–2(e) where Raman spectra at
different measurement points indicated in Figs. 2(a) and 2(b) are dis-
played. These spectra plotted in semi-logarithmic scale correspond to

(1) a pristine region, (2) the central part of the modification, and (3)
the outer ring structure. By comparing the measured spectra on points
(1) and (2) [Figs. 2(c) and 2(d)], one may note a decrease in the ampli-
tude of the main c-Si peak at 520 cm�1 in the center part with respect to
pristine silicon. This can be explained by the formation of defects in the
crystal lattice induced by the laser irradiation. The slight appearance of
a-Si features in Fig. 2(d) suggests a coexistence of crystalline and amor-
phous states. In contrast, barely no c-Si main peak signal is observed in
the ring-shaped region, and the a-Si features dominate the acquired
spectrum in Fig. 2(e). One can, thus, conclude that in this region, the sil-
icon is almost completely amorphized. One may note the apparent con-
tradiction between the measured amorphization in Fig. 2 and the
decreased reflectivity in optical microscopy [see Figs. 1(a) and 1(b)].
Indeed, as the refractive index of a-Si is higher than that of c-Si, one
would expect an increased reflectivity in the amorphized areas. The
decreased reflectivity in Figs. 1(a) and 1(b) originates from the observed
LIPSS in Fig. 1(d) which scatter visible light.

One should mention that similar a-Si ring formation was
observed in the case of Gaussian femtosecond pulses focused on the
front surface of c-Si.7,10,12 Various models have been developed for
identifying the underlying physical mechanisms, including ther-
mal6,7,10–12 and non-thermal27,38 melting, as well as resolidification
processes at different cooling rates. In these models, the center part
shows a lower cooling rate, giving the atoms sufficient time to re-form

FIG. 2. Normalized amplitude distribution of the Raman signal at (a) 520 and (b) 150 cm�1, attributed to c-Si and a-Si, respectively. (c)–(e) Raman spectra corresponding to
the marked positions (1)–(3) in (a) and (b). The vertical dashed lines indicate the wavenumbers used in (a) and (b).
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a crystalline lattice while the outer regions freeze in an amorphous
state. Such a physical explanation could also be applied in our picosec-
ond back surface irradiation configuration. However, an additional
degree of complexity for the modeling lies in the nonlinear propaga-
tion effects, which govern the energy deposition in silicon.

While we concentrated so far on the production of modifications
on the back surface with single-site irradiations, let us now explore the
resulting morphology when the sample is moved continuously at a
speed of 50lm s�1 during irradiation. An SEM image of a typical
resulting continuous line is displayed in Fig. 3(a). As discussed above,
the fact that the line appears brighter than the unmodified silicon sug-
gests that it solely corresponds to a-Si with an increased surface rough-
ness. The formation of a homogeneous a-Si layer is confirmed by the
Raman spectroscopy measurements superimposed on an optical
micrograph in Fig. 3(b). Similar to Fig. 2(b), the green color corre-
sponds to an a-Si feature measured at 150 cm�1. The Raman spectrum

corresponding to Fig. 3(b) (not shown here) is similar to the one in
Fig. 2(e). We, thus, conclude that moving the sample during the irradi-
ation results in the production of a homogeneous line of a-Si on the
back surface.

The evolution of the linewidth as a function of the pulse energy has
also been investigated. The results obtained with a polarization parallel
and perpendicular to the writing direction are shown in Fig. 3(c). For
both polarization states, the linewidth increases with the pulse energy.
This suggests that the energy deposition at the exit surface of silicon is
not saturated by nonlinear propagation effects in the tested configura-
tion (25-ps pulses of 1.4–8.4-lJ energy). One may note that, for identi-
cal pulse energy, wider lines are observed when the polarization is
parallel to the writing direction. This is in agreement with the above-
discussed elliptical shape for single-site modifications, whose major
axis is perpendicular to the polarization (see Fig. 1). The ratio between
the major and minor axes of single-site modifications (�1:3) corre-
sponds in Fig. 3(c) to the ratio between the linewidths written with par-
allel and perpendicular polarization with respect to the writing
direction. Therefore, the linewidth can be controlled by adjusting the
pulse energy as well as the input polarization.

Ultimately, one can distinguish in Fig. 3(a) single-orientation
LIPSS in the laser-written a-Si line. Given the strong dependence of
LIPSS on the polarization,39 let us now examine the LIPSS orientation
and period in our experimental conditions. High-magnification SEM
images of the laser-written lines are displayed in Figs. 4(a) and 4(b) for
a polarization perpendicular and parallel to the writing direction,
respectively. The trenches and ridges are systematically perpendicular
to the polarization, meaning that the LIPSS orientation can be tuned
by rotating the electric field. Nanometer-sized grain-like structures are
randomly distributed over the imaged areas and might resemble rede-
posited nano-particles. To determine the LIPSS period, 100 sites have
been analyzed for each image. The corresponding histograms are
shown in Figs. 4(c) and 4(d), for a polarization perpendicular and par-
allel to the writing direction, respectively. The observed periods are in
the 200–400nm range, with average values of 306 and 276 nm for the
LIPSS shown in Figs. 4(a) and 4(b), respectively. These values are in
excellent agreement with a typical LIPSS period given by the formula
k=2n ¼ 284 nm,39 where n¼ 3.45 is the refractive index of silicon at
the laser wavelength k ¼ 1:96 lm.

To summarize, we have demonstrated that deterministic modifi-
cations can be produced on the back surface of c-Si with picosecond
Bessel beams at 2lm wavelength. Single-site modifications consist of
ring-shaped a-Si layers exhibiting subwavelength structures. By con-
tinuously moving the sample during irradiation, homogeneous a-Si
lines have been produced, and their width can be controlled by adjust-
ing the pulse energy and the polarization. These lines exhibit LIPSS
perpendicular to the polarization, with a period around k=2n. While
the increased index of a-Si with respect to c-Si would normally make
the lines appear bright under optical microscopy, the presence of
LIPSS scattering visible light makes these appear dark. Overall, this
laser-based method offers an additional degree of freedom for selec-
tively amorphizing c-Si on the back surface, which could be used in
integrated silicon electronics industry. The presented technique can
potentially be transferred to other bandgap materials as well as long as
it is transparent to the laser radiation. In the future, further studies
including single-pulse irradiation, pulse-to-pulse evolution, and front
surface irradiation will be carried out.

FIG. 3. (a) SEM image of a typical line produced by moving the c-Si sample at a
speed of 50 lm s�1 during irradiation (pulse energy 4.1 lJ). ~E ; ~v , and~k indicate
the polarization, the writing direction, and the propagation direction of the writing
beam, respectively. (b) Optical bright-field micrograph in reflection of the same line
as in (a) with superimposed Raman spectroscopy measurements at 150 cm�1 simi-
lar to Fig. 2(b). (c) Evolution of the linewidth as a function of the pulse energy for
different polarizations. The standard deviation for 20 measurements at different
positions of a line reached a maximum value of �2.5 lm.
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See the supplementary material for a schematic of the inscription
setup and a cross-sectional observation of an amorphized track.
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